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FLUORIDE (F -) contamination in groundwater is a major problem in many parts of the world. The accepted limit of F -concentration in drinking water is 1.5 mg/l. Aluminabased adsorbent and precipitate are commonly used for defluoridation of water. However, leaching of aluminium from the adsorbent is a major concern for its application 1 . In recent years, several studies have focused on developing novel composites and nanomaterials as adsorbents for defluoridation of water. For example, zirconiumimpregnated collagen fibre 2 , Mg-Al-Zr triple-metal composite 3 , metal-impregnated granular activated carbon (AC) [4] [5] [6] , alum-impregnated activated alumina 7 are synthesized and applied for removal of F -from water. Several recent studies have demonstrated that cerium (Ce), either used in nano-particulate or composite form, exhibits excellent performance in removing F -(4.37-153 mg/g) 4, [7] [8] [9] . Granular AC is also applied widely as a filtering material for water purification, due to its high specific surface area (SSA) and good mechanical resistance. The surface of carbon granule can be modified with metal-based functional groups, which have a strong affinity towards F -(ref. 1). This modification of AC with metal not only improves the F -removal efficiency, but due to its high mechanical resistance the composite can also be used directly as filter medium in a fixed-bed column. One of our recent studies shows that cerium-impregnated activated carbon (AC-Ce) composite performs efficiently (4.60 mg/g) in removing F -from water 4 . There is scope to explore the possibility of using locally available, green and cheap AC in preparing novel composites, and to assess the process controlling F -removal by these composites. The composite material must be used in a fixed-bed column as a filter. The objectives of this study are to (i) evaluate the process controlling F -removal efficiency by AC-Ce composites and (ii) assess the performance of these composites for F -removal in a fixed-bed column as a filter. To achieve these objectives the AC-Ce composites were synthesized, where AC was obtained from different sources. The F -removal mechanism by different AC-Ce composites was assessed by characterizing the composites and water through several experimental techniques. The performance of the composites within a 1D fixed-bed column filter was assessed to identify the practical applicability of the proposed technique.
Granular AC prepared by Norit-Darco (Sigma-Aldrich, India) (AC Darco : 12-20 mesh, size: 850-1000 μm), sodium fluoride (NaF), and cerium nitrate (Ce(NO) 3 ⋅6H 2 O) were obtained from Sigma-Aldrich. Another type of AC, synthesized from coconut shell, was obtained from Global Ecocarb Pvt Ltd, Bengaluru (AC Eco ). Milli-Q de-ionized (DI) water was used for all the experiments.
Cerium was impregnated within both granular AC sources (AC Darco and AC Eco ) to prepare AC Darco -Ce and AC Eco -Ce composites respectively, following the protocol reported in the literature 4, 5, 10, 11 . As a first step, the AC granules were sieved and washed with DI water several times to remove dust particles and other impurities. The cleaned AC was then dried overnight for 18 h at 70°C. Next 250 ml of 0.03 M cerium nitrate solution was added in a series of conical flasks, each containing 10 g of AC.
The cerium nitrate-AC mixture was then stabilized for a period of 22 h at 30°C. After equilibrium was attained, the excess solutions were discarded and the granule was rinsed with DI water. Then the AC-Ce mix was dried at 60°C for a period of 24 h. The synthesized AC Darco -Ce and AC Eco -Ce composites were stored under airtight condition. The effects of various synthesis conditions such as pH of the solution, salt concentration, temperature and metal composition have been examined in our earlier studies 4, 5 . Based on the results of those studies, the optimal synthesis condition (as mentioned above) was adopted in the present study. Four different batches of each type of AC-Ce composites were synthesized under identical synthesis conditions to ensure reproducibility of the composites.
The morphology and chemical element analysis at the surface of the samples was performed using a scanning electron microscope (SEM) attached with energy dispersive X-ray spectroscopy (EDS; Carl Zeiss EVO 50, Germany).
The cerium content (wt%) of the samples was analysed using Induced Coupled Plasma Mass Spectroscopy (ICP-MS) (7800 ICP-MS, Agilent Technologies, USA). The unmodified AC and composites were acid digested using a microwave digester (Advanced Microwave Digestion System, Milestone, USA) following the protocol reported elsewhere (EPA 3015 A).
X-ray diffraction (XRD) analysis of the composites was done using a X-ray diffractometer (TTRAX-3, Rigaku, USA). The scans were performed with a 2θ interval of 0.01°. The rate of scanning was maintained at 2 sec per step. Cu-K α radiation (5 kW) was used for scanning 12 . In this study, Brunauer-Emmett-Teller (BET) surface area, pore volume and pore diameter were measured using the BET analyzer (Autosorb 1C, Quantachrome Instruments, USA). The samples were degassed at 200°C under vacuum before performing the N 2 adsorptiondesorption experiment.
The surface chemical bond of the prepared composites under different conditions was studied using Fourier Transform Infrared Spectroscopy (FTIR, Avatar 370, Thermo Nicolet, USA). The samples were subjected to infrared radiation, and transmission spectra were recorded with wavenumbers ranging from 4000 to 400 cm
The point of zero charge (pH PZC ) for both AC Darco -Ce and AC Eco -Ce composites was determined using pH drift method 13 . A 0.01 M NaCl solution was prepared and purged with nitrogen to expel the dissolved CO 2 . Then, 50 ml NaCl solution was poured in a series of tubes and pH of the solutions in different tubes was adjusted within the range 2-10 (2, 4, 6, 8 and 10) using either HCl or NaOH solution. In each of the tubes, 0.1 g of the composite was added. The samples were mixed for 24 h under airtight condition at 25 rpm and then the solution was filtered before measuring its final pH. The results are represented as the absolute difference between the final and initial pH values (|ΔpH|) with respect to the initial pH value. The point of zero charge is where the value of |ΔpH| is 0.
Fluoride removal efficiency by AC Darco -Ce and AC EcoCe composites was assessed in the batch system. In the first step, the stock solution of F -(100 mg/l F) was prepared from NaF salt and diluted to 10 mg/l of F -. The measured pH of this solution was 8.0 ± 0.3. Then, 50 ml of 10 mg/l of F -contaminated water was added to polyethylene tubes, each containing 0.1 g of AC-Ce composites or AC granules. The adsorbent dose was maintained the same as reported in previous studies [4] [5] [6] . The tubes were kept in a horizontal position for 3 h and shaken at regular intervals. The samples were withdrawn from each tube at the end of 3 h for analysis. All the experiments were performed in triplicate, and the results are presented below.
Results obtained from the above experiments suggest that F -removal efficiency of AC Darco -Ce composite is significantly higher compared to AC Eco -Ce composite. Thus, for the packed column experiment, only AC DarcoCe composite was selected as the model adsorbent.
A glass column (Chromaflex, Kimble, USA) of 1 5cm length and 1 cm internal diameter (ID) was used as a fixed-bed column. The AC Darco -Ce composite was packed within the column using the protocol reported elsewhere 14 . Then 10 mg/l of F -containing DI water was injected at a flow rate of 0.6 ml/min from the bottom of the column. The sample was collected from the top of the column for analysis. The F -contaminated water was injected until F -concentration at the outlet reached 1.5 mg/l.
For sample analysis, few samples taken from batch experiments were centrifuged at 2000 rpm (5804R, Eppendorf, Germany) before measuring the concentration of F -. The negligible effect of centrifugation was observed on the measured concentration of F -. This suggested the absence of AC-Ce dust and/precipitate containing F -in the solution after sorption experiment, and thus centrifugation was not included in the sample analysis protocol. The F -concentration was measured using a fluoride ion selective electrode (ISE, Orion STAR A214, ThermoScientific, USA). Total ionic strength adjustment buffer (TISAB) solution was added to the sample in the ratio 1 : 10 prior to F -measurement. The results and discussions are presented below.
Sorption experiments were carried out with a sorbent dose of 2 g/l and F -concentration of 10 mg/l. The result of batch experiments indicates that F -removal efficiency by AC Eco (0.33 ± 0.30 mg/g) and AC Darco (0.28 ± 0.2 mg/g) is in the same range. The sorption capacity of the AC Darco -Ce composites increases significantly (from 0.28 to 2.90 mg/g) when Ce is impregnated within AC Darco (Figure 1 a) . However, there is negligible increase in the F -removal efficiency by AC Eco -Ce composites (0.70 mg/g) compared to unmodified AC Eco (0.33 mg/g) (Figure 1 a) . The consistent F -removal efficiency by AC Darco -Ce and AC Eco -Ce composites synthesized in different batches suggests that the composites are reproducible ( Figure 1 b and c) . The maximum sorption capacity of AC Darco -Ce composite is 4.37 mg/g, which was determined in our previous study by fitting the Langmuir model with equilibrium isotherm data 5 . The result shows that the composite is reasonably good in comparison with other composite materials (1.25-1.95 mg/g) reported in different studies 10, 15 . The sorption capacity of AC Darco -Ce composite is much better than AC Eco -Ce composite. This observation could be explained by the fact that the different sources of AC have different characteristics.
The point of zero charge for both AC Darco -Ce and AC Eco -Ce composites was found to be 4 and 6 respectively (Figure 2 b) . This suggests that the net surface charge for AC Darco -Ce composite is likely to be positive below a pH value of 4 and negative above it. A similar trend is expected for AC Eco -Ce composite around pH PZC of 6 (ref. 15) . In this study, the pH of F -containing solution (DI water and groundwater) was in the range 8.0 ± 0.3, which suggests that both the composites are likely to have a negative net surface charge. Thus, F -(anion) removal due to electrostatic attraction by the composites would be limited 12, 13 . This observation is supported by the fact that F -removal efficiency decreases with increase in pH for AC Darco -Ce composite, as reported in a previous study 5 . Desorption of nitrate (NO -3 ) was observed for both AC Eco -Ce (9.42 mg/l) and AC Darco -Ce (13.67 mg/l) composites under DI water condition (Figure 2 a) . The release of NO -3 ions from the AC Darco -Ce composite (17.8 mg/l) was found to increase during the sorption of F -. This implies that ion exchange probably contribute to F -removal by the AC Darco -Ce composite. Our previous study 7 showed that the sorption of AC Darco -Ce composite is better explained by Freundlich isotherm model (r 2 = 0.91), which suggests that the distribution of charge and/adsorptionactive sites on the surface of the composite are heterogeneous. Thus, though the net surface charge on the composite is negative at higher pH (8 ± 0.3), there might -when AC Eco -Ce composite is used as an adsorbent. It could be inferred from the observation that sorption is the only mechanism responsible for F -removal by the AC Eco -Ce composite, whereas ion exchange along with sorption is attributed to F -removal by the AC Darco -Ce composite. To evaluate the surface molecular vibrations and chemical bonds between F -and AC-Ce composite, FTIR analysis was performed. The broad absorbance bands at 3399 and 2363 cm -1 observed in the FTIR spectra for AC Eco (Figure 2 c) can be assigned to the stretching vibration of the -OH group 16, 17 . The peaks at 1560, 1508 and 1116 cm -1 indicate the presence of C=C, C=O and C-O-C stretching vibrations respectively 17 . After Ce impregnation, the change in intensity of the peak at 1097 and 472 cm -1 indicates the presence of Ce-OH (ref. 18 ) and Ce-O (ref. 19) bonds respectively. After F -sorption, a peak appears at 1383 cm -1 indicating the formation of weak -CF 2 bond. Furthermore, the peak intensity at 1097 cm -1 corresponding to Ce-OH bond changes after F -sorption, indicating the replacement of OH -by F -. FTIR analysis of AC Darcoimpregnated metal indicates that the removal of F -by the composite is mainly due to the formation of metal hydroxides at the surface of the composite and by weak -CF 2 bonding 5 . So, the type of surface chemical bonding between AC Eco -Ce composite and F -is similar to that of AC Darco -Ce composite and F -. However, the mass of crystalline CeO 2 is higher in AC Eco -Ce composite, whereas surface coverage of amorphous Ce-OH is likely to be high for AC Darco -Ce composite. The hydroxide of Ce is more active in removing F -compared to Ce-O (ref. 18 ). Thus, though in both cases sorption is attributed to the removal of F -, the extent of sorption is greater for AC DarcoCe compared to AC Eco -Ce composite.
The irregular morphology of AC Darco and was identified from SEM image analysis, which did not change after Ce impregnation ( Figure 3 a and b) . On the other hand, surface roughness of AC Eco was found to be less predominant. Furthermore, surface morphology of the AC EcoCe composite was more uniform and crystalline in nature after Ce impregnation ( Figure 3 c and d) . Presence of Ce was confirmed from the EDS spectra (figure not shown) for both the composites, indicating that it has been was successfully impregnated. Both EDS and ICP-MS analyses indicated that the mass of Ce impregnated in AC Eco -Ce composite (0.026 mg/g from ICP-MS) was much higher than that in AC Darco -Ce composite (0.016 mg/g). This is likely due to the formation of crystalline CeO 2 in AC EcoCe composite.
XRD analysis showed that there was no change in the peaks in AC Darco -Ce composite in comparison with AC Darco (Figure 3 e) , indicating that the impregnated Ce was probably in the amorphous phase. Furthermore, presence of silica was identified in AC Darco , which was also confirmed by EDS analysis (not shown here). Two distinct peaks at 2θ values of 28.9° and 47° appeared in the diffractogram for AC Eco -Ce composite (Figure 3 f ), which were attributed to the formation of crystalline CeO 2 during synthesis of the composite 18 . Formation of crystalline CeO 2 within the AC Eco -Ce composite can result in the reduction of F -uptake capacity. From BET analysis, SSA of AC Eco was found to be higher (833 m 2 /g) than AC Darco (334 m 2 /g). Impregnation of Ce in AC Darco resulted in a slight increase in SSA, whereas for AC Eco -Ce composite the impregnation of Ce resulted in a decrease in SSA (from 833 to 759 m 2 /g) ( Table 1) . Formation of the crystalline structure of CeO 2 as confirmed by XRD and SEM image analyses could be probably attributed to a reduction in SSA for the AC Eco -Ce composite. In general, SSA of AC Eco -Ce is higher compared to AC Darco -Ce composite. However, F -removal efficiency is less for Figure 4 presents the conceptual F -removal process by AC Darco -Ce.
Column experiment was performed, where 10 mg/l F -was injected from the bottom of the column at a rate of 0.6 ml/min until the effluent F -concentration reached 1.5 mg/l at the outlet (Figure 5 a) . The result ( Figure 5 b) indicates that the AC Darco -Ce composite packed column can treat up to 722 ml of F -containing DI water. The mass balance of F -between influent and effluent water indicates that 1.29 mg of F -is adsorbed per gram of AC Darco -Ce composite during its residence time within the column. The residence time of F -contaminated water within the column is 8 min, whereas the time for equilibrium sorption is 3 h. Our previous study 5 showed that the pseudo second-order model fits the kinetics data better for AC Darco -Ce composite. The sorption capacity of F -by the composite during 8 min duration is evaluated to be 0.75 mg/g, considering the estimated model parameters (i.e. equilibrium sorption, q e : 2.53 mg/g and rate of sorption, k t = 0.021 mg/g/min) as reported in the previous study 5 . A higher F -removal (1.29 mg/g compared to an estimated value of 0.75 mg/g) in the column is probably attributed to (i) higher relative dose of adsorbent in the column, and (ii) the combined effect of sorption along with dispersion during the transport of F -through the packed bed column.
Thus it can be concluded that impregnation of amorphous Ce and its homogeneous distribution within the AC Darco -Ce composite, along with the occurrence of ion exchange between NO -3 and F -can enhance the performance of the AC Darco -Ce composite. On the other hand, formation of crystalline CeO 2 and small pore size of the AC Eco -Ce composite inhibits F -sorption by the latter. Therefore, AC Darco -Ce composite can be embedded suitably in fixed-bed column as a filter medium for F -removal.
